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Abstract

We investigated the effects of radio frequency electromagnetic fields (RF EMF) similar to those emitted by mobile phones on waking
regional cerebral blood flow (rCBF) in 12 healthy young men. Two types of RF EMF exposure were applied: a ‘base-station-like’ and a
‘handset-like’ signal. Positron emission tomography scans were taken after 30 min unilateral head exposure to pulse-modulated
900 MHz RF EMF (10 g tissue-averaged spatial peak-specific absorption rate of 1 W ⁄ kg for both conditions) and sham control. We
observed an increase in relative rCBF in the dorsolateral prefrontal cortex on the side of exposure. The effect depended on the
spectral power in the amplitude modulation of the RF carrier such that only ‘handset-like’ RF EMF exposure with its stronger low-
frequency components but not the ‘base-station-like’ RF EMF exposure affected rCBF. This finding supports our previous
observation that pulse modulation of RF EMF is necessary to induce changes in the waking and sleep EEG, and substantiates the
notion that pulse modulation is crucial for RF EMF-induced alterations in brain physiology.

Introduction

Increasing evidence suggests that pulse-modulated, radio frequency
electromagnetic fields (RF EMF) alter brain physiology. We have
found consistent effects of RF EMF emitted by mobile phones in the
human non-rapid eye movement (REM) sleep electroencephalogram
(EEG; Borbély et al., 1999; Huber et al., 2000, 2002, 2003). More
recently, RF EMF were shown to also affect the waking EEG (Croft
et al., 2002; Huber et al., 2002) and waking regional cerebral blood
flow (rCBF; Huber et al., 2002). In another line of research, RF EMF
were reported to influence cognitive functions (Preece et al., 1999;
Koivisto et al., 2000a,b) and attention (Edelstyn & Oldershaw, 2002).
In recent studies, however, previously reported changes in cognitive
functioning could not be replicated (Haarala et al., 2003b; Krause
et al., 2004). Also, the analysis of event-related brain potentials during
RF EMF exposure revealed conflicting results (Eulitz et al., 1998;
Freude et al., 1998; Jech et al., 2001). It is possible that some
inconsistencies are related to the spectral content of the applied RF
EMF. Most studies did not investigate different spectral compositions
of the emitted RF radiation. Nevertheless, we recently found that pulse
modulation of the RF EMF is necessary to induce changes in the EEG
in waking and sleep (Huber et al., 2002). In addition, the changes in
non-REM sleep induced by a ‘base-station-like’ RF EMF (Borbély
et al., 1999; Huber et al., 2000) mimicked only partly, but not entirely,
the changes induced by a ‘handset-like’ RF EMF (Huber et al., 2002).
A first analysis restricted to ‘handset-like’ RF EMF and sham

exposure revealed increased relative rCBF in the dorsolateral
prefrontal cortex (PFC) ipsilateral to the side of exposure (Huber

et al., 2002). In the present study, we additionally investigated the
effect of a ‘base-station-like’ signal on local rCBF and compared it
with a ‘handset-like’ signal. We hypothesized that alterations in rCBF
would either be stronger or even restricted to exposure to ‘hand-set
like’ RF EMF. To help interpret our findings we compared the changes
in rCBF with the simulated specific absorption rate (SAR) distribution
of the applied RF EMF within the brain.

Materials and methods

Sixteen healthy, right-handed men (mean age 22.5 years, range 20–
25 years) participated in the study. Written informed consent was
obtained prior to the experiment and a specialized ethical committee of
the Canton of Zurich for research on human subjects approved the
study protocol. Subjects were instructed to abstain from caffeine,
alcohol and medication, and to keep a regular sleep–wake schedule
(8 h sleep starting not later than midnight) on the day prior to the
study. Compliance with the latter instruction was verified by wrist-
worn activity monitors. The use of mobile phones was not allowed on
the day of the experiment.
Prior to positron emission tomography (PET) data acquisition, the

subjects’ left hemisphere of the brain was exposed for 30 min to RF
EMF (same exposure unit as described in Huber et al., 2000, 2002).
During exposure the subjects sat on a chair with their heads positioned
between two planar antennas to ensure a well-defined exposure (for
details of the setup, see Huber et al., 2003). With this setup, exposure
is less localized compared with using a mobile phone. It covers,
however, all head tissues that may be exposed using different mobile
phones operating in the 800–900 MHz bands and due to different
phone positions at the ear. The time-averaged maximum local
exposure corresponds to that of an average cellular GSM (global
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system for mobile communication) phone. The setup fulfils the
requirements of EMF exposure in human studies in the context of
health risk assessments of mobile phones (Kuster et al., 2004).

The time between the end of exposure and the first PET scan was
10 min, the time needed to place the subjects on the PET scanner. RF
EMF exposure was scheduled between 08.00 and 14.00 h. The
experiment consisted of a double-blind (controlled by computer)
sham-controlled (no RF EMF activated) cross-over design with two
active conditions: a ‘handset-like’ signal (handset) and a ‘base-station-
like’ (bstat) signal. The intervals between the exposure conditions
were at least 1 week. The handset signal consisted of a generic signal
with a similar spectral content as the one emitted by GSM mobile
phones (Fig. 1; one of eight slots active, used in Huber et al., 2002).
The bstat signal consisted of a signal that mimicked the signal
modulation emitted by a GSM base station (Fig. 1; seven of eight slots
of the basic frame active, used in Borbély et al., 1999; Huber et al.,
2000). Both signals were applied at a carrier frequency of 900 MHz. A
detailed description of the signal is given in Fig. 1. It is important to
note the following. (i) The strength and distribution of the time-
averaged RF EMF absorption in the tissue were identical for both
exposure conditions. The spatial peak SAR averaged over 10 g of
tissue was 1 W ⁄ kg for both conditions, which is similar to the
maximum exposure induced by commercial GSM phones (Kuster
et al., 1997). (ii) Both signals had the same spectral components. (iii)
The handset signal had considerably higher power in the main spectral
components, i.e. at 2, 8, 217, 1736 Hz and in their harmonics. The
crest factor (ratio between pulse peak power and time-averaged
power) differed by a factor of four, i.e. it was 1.2 for the bstat signal
and 4.8 for the handset signal.

The exposure conditions were well controlled and characterized by a
detailed dosimetry (assessment of dosimetric measurement uncertainty,
variations due to head movements, differences in anatomy, etc, see
Huber et al., 2003). The 10 g tissue-averaged spatial peak SAR was
1.0 W ⁄ kg ± 14% (%-value covers uncertainty of the dosimetric
assessment as well as exposure variations). The average SAR in the
exposed brain hemisphere was 6.7 times higher than in the non-exposed
hemisphere, i.e. about 0.27 W ⁄ kg ± 23% vs. 0.04 W ⁄ kg ± 23%. The
maximum 1 g tissue-averaged spatial peak SAR in the brain was
1.5 W ⁄ kg ± 23%.

The PET data acquisition was previously described in detail (Huber
et al., 2002). In short, three PET emission scans were recorded at 10-
min intervals after administration of 300–350 MBq radio-labelled
water. A 10-min transmission scan completed the data acquisition.
During the scans subjects were instructed to silently count slowly from
1 to 60 to ensure similar cognitive activity in all conditions. We chose
an over-learned control task to minimize learning and to prevent
interactions of EMF exposure with higher cognitive functions. Data
were reconstructed into 35 image planes (slice thickness, 4.25 mm;
matrix, 128 · 128; pixel size, 2.34 mm). The accumulated radioac-
tivity counts over 60 s were taken as a measure of cerebral blood flow.
Statistical analysis of the data was performed using statistical parametric
mapping (SPM99) software. Prior to statistical evaluation, preprocess-
ingwas performed as follows. First, headmovements within-subject and
between data acquisition sessions (three scans per session, three separate
sessions) were corrected using the least-squares method implemented in
the SPM99 software (Friston et al., 1995). Then the scans were spatially
normalized into stereotactic space [Montreal Neurological Institute
(MNI) coordinates as provided by SPM99] and smoothed with a 15 mm
Gaussian filter to ameliorate residual interindividual anatomical and
functional differences after spatial normalization. Statistical analysis
was performed on proportionally scaled data including all individual
scans of the same condition as repetitions. For each scan the voxel values

were normalized to the mean of the whole brain grey matter activity.
Differences between the conditions were tested on a voxel-by-voxel
basis in a PET multisubject design. The results were corrected for
multiple comparisons with a threshold of P < 0.05 (SPM99, whole
brain correction). MNI coordinates as provided by the SPM99
software are reported. For the anatomical localization of significant
changes the Talairach daemon was used (http://ric.uthscsa.edu/projects/
talairachdaemon.html). Because the daemon is based on Talairach co-
ordinates, MNI coordinates were non-linearly transformed to Talairach
coordinates (http://www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html).
Furthermore, a volume of interest (VOI) analysis was performed. VOI
were defined based on SPM statistics. The following cut-off was used to
define the extent of the VOI: Clusters of voxels with a t-value equal or
larger than 5 formed a VOI. For the comparison between the two
hemispheres the raw imagesweremirrored by swapping sides, realigned
and spatially normalized to obtain normalized images with the right
hemisphere on the left side. This extra processing step was introduced as
the two hemispheres on the used MNI template were not symmetric.
Using the same VOI definitions from the right hemisphere on the
mirrored images revealed the VOI values for the left hemisphere. The
mirroring did not introduce any visible error. VOI were analysed for
hemispheric differences and temporal changes of the effect of RF EMF
exposure using three-wayanovaswithwithin-factor ‘hemisphere’ (left,
right), within-repeated-factor ‘time’ (10, 20 and 30 min after exposure)
and between-factor ‘order’ [SAS procedure MIXED (type hf); SAS
Institute Inc, 1999].
Because of technical problems and logistical reasons, only 12

subjects completed all three conditions and the order of conditions
was not balanced. The factor order was included in the statistics of
the VOI to assess whether our results were affected by the order of
the conditions. No significant order effect or interactions involving
order were observed. To further test for order effects we performed
a factorial analysis (SAS procedure DISCRIM, SAS Institute Inc,
1999) including all individual data points. No statistical significant
separation of the data into groups with the same order of conditions
was observed. The effects of handset RF EMF exposure in relation
to sham exposure have been reported previously (Huber
et al., 2002).

Results

RF EMF exposure affected relative rCBF in the hemisphere of
exposure (Table 1, Fig. 2). The effect varied with the modulation
scheme. Mainly handset exposure altered rCBF (handset compared
with sham or bstat; Table 1). The bstat compared with the sham
condition did not result in any significant change in rCBF.
Both handset–sham and handset–bstat contrasts revealed increased

relative rCBF after handset exposure in the left inferior frontal gyrus
[Brodmann areas (BA) 9 and 44]. In addition, increased rCBF was
observed in the left middle frontal gyrus in BA 6, postcentral gyrus in
BA 2 (handset–sham contrast), and in BA 10 and 40 (handset–bstat
contrast). Handset exposure compared with the sham condition
(sham–handset contrast) indicated reduced rCBF in the right posterior
lobe of the cerebellum (1 voxel).
In the right inferior temporal gyrus in BA 20, rCBF increased after

bstat exposure compared with the handset exposure.
The changes in rCBF after exposure did not correspond with the

simulated distribution of the SAR (Fig. 2). Although the changes in
rCBF coincided with brain areas with high levels of exposure, the
regions that were exposed were much larger than those showing
significant changes in rCBF.
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A VOI analysis revealed hemispheric differences (factor ‘hemi-
sphere’) after handset exposure compared with both sham and bstat
exposure (Table 2). Relative rCBF in the exposed, left inferior frontal
gyrus was higher after handset exposure than in the same region on the
right hemisphere.While the factor ‘time’wasnot significant, a significant
‘hemisphere’ by ‘time’ interactionwas found in the inferior frontal gyrus
in BA 44 (Table 2). This region showed an increase of rCBFwith time in
the left hemisphere that was not present in the right hemisphere (Fig. 3).
A similar, though not significant, increase in rCBF over time was also
observed when comparing handset with sham exposure.

Discussion

Regional CBF was increased in several different regions of the left
dorsolateral PFC after handset exposure when compared with both
sham or bstat exposure. These results substantiate the findings of our
previous report in which the analysis was restricted to the
comparison of handset–sham exposure (Huber et al., 2002). The
small differences in size and location of the rCBF between the two
analyses may result from the fact that different subjects (only those
whose data sets were complete) and different contrasts were included
in the analyses. Consistently, however, hemispheric differences were
observed such that rCBF was affected mainly in the exposed
hemisphere. The bstat signal had the same time-averaged energy as
the handset signal. Therefore, our observation that the effect was
restricted to handset exposure cannot be explained by a thermal

action of RF EMF. The data provide further evidence that the pulse
modulation of the RF EMF is crucial to induce changes in brain
activity. They are in accordance with our previous finding that a
pulse-modulated RF EMF (handset), but not a continuous-wave RF
EMF, affected the EEG during waking and sleep (Huber et al., 2002). It
remains open, however, whether differences in the strength of certain
low-frequency components (Fig. 1) or the difference in the crest factor
may underlie the effects on rCBF. Stimulation frequency-dependent
effects on brain activity were observed with transcranial magnetic
stimulation (TMS) such that low-frequency stimulation (1 Hz) induced
inhibition (Chen et al., 1997), whereas stimulation with higher
frequencies induced activation (Pascual-Leone et al., 1994).
In our study we found the strongest changes in rCBF after RF EMF

exposure in the left PFC. This region plays a major role in working
memory (Rypma et al., 1999; Dade et al., 2001; Wagner et al., 2001).
The ventromedial PFC supports functions involving the integration of
information about emotion, memory and environmental stimuli (Wood
& Grafman, 2003). The dorsolateral PFC is involved in the regulation
of behaviour and the control of responses to environmental stimuli
(Wood & Grafman, 2003). Single-pulse TMS over the left prefrontal
cortex, but not at other stimulation sites, reduced reaction time in a
two-back task (Mottaghy et al., 2003). Similar effects of left
hemispheric RF EMF exposure on cognitive function were repeatedly
reported, particularly in tasks with a high workload (Preece et al.,
1999; Koivisto et al., 2000a, b). These findings could be related to the
observed increase of rCBF in the PFC. On the other hand, recent

Table 1. Effect of RF EMF exposure on relative rCBF: SPM statistic

Region H

MNI coordinates Voxel level Cluster level

x y z t Pcorr k Pcorr

Handset–sham
Inferior frontal gyrus, BA 9 (3) a L )40 6 36 5.85 < 0.001 99 0.002
Frontal lobe, subgyral, BA 6 (7) L )22 0 44 5.44 0.002 72 0.003
Inferior frontal gyrus, BA 44 b L )54 12 16 5.43 0.002 149 0.001
Postcentral gyrus, BA 2 (3) L )34 )32 44 4.66 0.037 4 0.033

Sham–handset
Cerebellum, posterior lobe R 30 )68 )24 4.61 0.044 1 0.043

Handset–bstat
Middle frontal gyrus, BA 10 (7) c L )32 40 16 5.66 0.001 234 < 0.001
Inferior frontal gyrus, BA 44 b L )54 10 16 5.13 0.007 302 < 0.001
Inferior frontal gyrus, BA 9 a L )52 4 32 5.10 0.008
Inferior frontal gyrus, BA 10 (3) L )52 40 0 4.89 0.017 19 0.016
Supramarginal gyrus, BA 40 (3) L )40 )42 36 4.61 0.044 3 0.036

Bstat–handset
Inferior temporal gyrus, BA 20 d R 52 )10 )36 5.00 0.012 23 0.014

Brain regions showing changes in relative rCBF after RF EMF exposure (BA ¼ Brodmann areas). The MNI coordinates from the statistical parametric mapping
(SPM99) are reported. Where the voxel with the highest t-value did not lay in grey matter, the nearest grey matter location was detected using the Talairach option
‘find nearest grey matter’ (search diameter in mm is provided in parentheses after the Brodmann area). Voxels with significant corrected P-values and their
corresponding t-values are presented. In addition, the number of expected voxels (k) and the corrected P-value (Pcorr) on the cluster level are indicated [R ¼ cluster
in right hemisphere (H), L ¼ cluster in left hemisphere]. An identifier (region; a–d) refers to the brain regions indicated in Table 2 and Fig. 2.

Fig. 1. (A) Pulse structures of the applied generic GSM signals. The ‘handset-like’ signal (handset) and ‘base-station-like’ (bstat) signal were composed to contain
all spectral components of the GSM signal in the frequency range below 1 kHz. Both are based on the GSM frame structure of which the basic frame (4.6 ms) is
composed of 8 (#0, …, 7) slots (0.576 ms). The pulse structure of the handset signal combines the frame structure of the basic GSM mode and the discontinuous
transmission (DTX) mode (both modes are alternately active during an actual GSM conversation, depending on whether one is listening or talking), i.e. active pulses
in every slot #0 except in every 26th frame (idle frame) and, in addition, active pulses in slots #1–6 of the frames used in the DTX mode. The bstat signal
approximates the signal emitted by a GSM base station in communication with seven mobile phones. It is composed of active pulses in slots #0–6, whereas each
frame 26th and 104th are modified. The ratio between pulse peak power and time-averaged power (crest factor) was four times higher for the handset signal (crest
factor ¼ 4.8) compared with the bstat signal (crest factor ¼ 1.2). (B) Amplitude spectra. Amplitude spectra of the envelope of the emitted RF EMF power of handset
and bstat signals. Both signals had a time-averaged value of 1 (see A). The spectra reflect the side bands of the modulated carrier frequency, which actually contains
the signal power. The spectra were calculated with a Fast Fourier Transformation after application of a Hanning window. Most frequency components have
considerably higher spectral amplitude (up to two orders of magnitude) in the handset signal compared with the bstat signal.
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replication studies failed to confirm changes in cognitive functions
(Haarala et al., 2003b; Krause et al., 2004).
The RF EMF exposure of the left hemisphere for 30 min increased

subsequent rCBF in the ipsilateral dorsolateral PFC (Fig. 2; Table 1).
The distribution of the SAR within the brain did not reflect the
changes in rCBF. Changes in rCBF were observed in areas where
exposure was high, however, according to the SAR distribution much
larger areas were exposed to a similar degree without showing
significant changes in rCBF. This finding further supports a non-
thermal action of RF EMF on brain physiology.
In a recent study, Haarala et al. (2003a) did not observe changes in

rCBF during exposure related to the RF EMF. An active and a sham
condition were recorded consecutively in a randomized, cross-over

design. In view of the present and previous data (Huber et al., 2000,
2002) indicating that RF EMF may induce long-lasting effects, active
RF EMF exposure might have contaminated half of the sham
recordings and obscured rCBF alterations associated with RF EMF.
The contrast bstat–handset revealed only a minor difference in

the activation of the cerebellum contralateral to the exposure and the
contrast bstat–sham revealed no difference. Thus, compared with
the handset exposure bstat seems to have limited effects on rCBF. This
observation is of interest as handset and bstat signals also differently
affected the sleep EEG. After bstat exposure (both exposure during
sleep and after exposure prior to sleep) non-REM sleep EEG power in
the spindle band was initially increased, an effect that decreased in the
course of the sleep episode (Borbély et al., 1999; Huber et al., 2000).
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Fig. 2. Computed distribution of the specific absorption rate (SAR). Axial sections were matched with the corresponding PET sections (see below). For details of
SAR simulations see Materials and methods. 0 dB (right colour bar) corresponds to a SAR of 1 W ⁄ kg. Changes in rCBF after RF EMF exposure. Regions showing
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In contrast, the changes in the spindle range appeared to increase in the
course of the night after handset exposure (Huber et al., 2002).
Interestingly, we found a gradual increase in rCBF within the first
30 min after handset exposure compared with bstat exposure (Fig. 3).
In addition, the increase of EEG power during sleep included a
broader frequency range after bstat exposure (Borbély et al., 1999;
Huber et al., 2000) than after handset exposure (Huber et al., 2002).
Thus, inconsistent results in the analysis of event-related brain
potentials during RF EMF exposure might be in part related to
differences in the modulation paradigms (Eulitz et al., 1998; Freude
et al., 1998; Jech et al., 2001).

The strong hemispheric asymmetry in waking rCBF after RF EMF
exposure contrasts with the lack of hemispheric asymmetries in the
sleep EEG after bi- or unilateral exposure of the cortex (Huber et al.,
2000, 2003). Because the exposure of the thalamus was similar in
both experiments (approx. 0.1 W ⁄ kg), it was suggested that the
effects during sleep involve subcortical structures and their bilateral
projections to the cortex (Huber et al., 2003). The discrepancies
between waking and sleep might reflect state specific differences in
neuronal activation that are possibly related to the different activation
level of neuromodulators such as noradrenalin (Cirelli & Tononi,
2000). Whereas cortical activation during waking is strongly
dependent on waking behaviour (Vanderwolf, 1992), cortical activity
during sleep is dominated by widespread thalamo-cortical and
cortico-cortical oscillations underlying EEG slow waves and sleep
spindles (Steriade et al., 1993). The more global activation pattern
during sleep may facilitate EMF stimulation-induced sleep spindle
oscillations that emerge from subcortical brain structures (thalamus).
After long-term unilateral auditory stimulation during waking, EEG
power in the spindle frequency range was increased in subsequent
non-REM sleep and no hemispheric asymmetries were observed
(Cantero et al., 2002). Spindle oscillations were associated with
neural network reorganization after learning and ⁄ or sensory experi-
ence (Sejnowski & Destexhe, 2000). Strong or prolonged cortical
activation during waking may therefore induce cortical reorganiza-
tion during subsequent sleep reflected in changes in spindle
oscillations.
A further point for discussion is the relation of the counting task and

our observed changes in rCBF. The affected regions of the left
dorsolateral PFC play a major role in working memory (Rypma et al.,
1999; Dade et al., 2001; Wagner et al., 2001). Moreover, they are also
involved in propositional speech production and verbal fluency, but
not in counting, as a recent PET study showed (Blank et al., 2002).
Because the subjects invariably counted in all conditions, the strong
activation of the PFC after the handset exposure is not likely to reflect
an interaction between the counting task and RF EMF exposure. The
counting task was introduced to ensure similar cognitive activity
during all conditions in order to avoid spurious activation (Gusnard &
Raichle, 2001).
In conclusion, we demonstrated that exposure to pulse-modulated

RF EMF alters brain physiology as reflected in regional changes of
cerebral blood flow. Furthermore, the modulation paradigm was
shown to be critical for RF EMF-induced increase of rCBF in the
dorsolateral PFC. However, the observed effects of pulse-modulated
RF EMF were subtle and the underlying mechanisms remain
unknown. Thus, conclusions about health consequences of RF EMF
exposure are premature.
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Abbreviations

BA, Brodmann areas; bstat, ‘base-station-like’; EEG, electroencephalogram;
GSM, global system for mobile communication; handset, ‘handset-like’ signal;
PET, positron emission tomography; PFC, prefrontal cortex; rCBF, regional
cerebral blood flow; REM, rapid eye movement; RF EMF, radio frequency
electromagnetic fields; SAR, specific absorption rate; SPM, statistical para-
metric mapping; TMS, transcranial magnetic stimulation; VOI, volume of
interest.

Table 2. VOI analysis

Factor P-values

Contrast Region BA Hemisphere Time Hem*time

Handset–sham
a 9 – – –

6 0.0120 – –
b 44 0.0001 – –

Handset–bstat
c 10 0.0626 – –
a 9 0.0524 – –
b 44 0.0001 0.0473

Bstat–handset
d 20 0.0007 – –

P-values of two way anovas (n ¼ 12) with factors ‘hemisphere’ (left or right),
‘time’ (10, 20 and 30 min after exposure) and the interaction term
‘hem*time’ (–, not significant, P > 0.1). VOI were selected based on t-values
‡ 5 from the SPM statistics (see Materials and methods for details).
BA ¼ Brodmann area. For abbreviations used to indicate brain regions see
Table 1. Individual ratios of the two conditions of the contrast of both hemi-
spheres and all three time points entered the anovas.
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Fig. 3. Time course of the relative regional cerebral blood flow (rCBF) after
handset exposure compared with the bstat exposure (¼ 100%) in the left
inferior frontal gyrus (BA 44). Average rCBF data (n ¼ 12) in the left and right
hemispheres are presented. Post-hoc paired t-tests showed significant hemi-
spheric differences (triangles, one: P < 0.05, two: P < 0.005) and a gradual
increase in rCBF in the exposed (left) hemisphere across consecutive 10-min
intervals (open circle: P ¼ 0.07; star: P < 0.005).
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